In a screen for gene copy-number changes in mouse mammary tumors, we identified a tumor with a small 350-kb amplicon from a region that is syntenic to a much larger locus amplified in human cancers at chromosome 11q22. The mouse amplicon contains only one known gene, Yap, encoding the mammalian ortholog of Drosophila Yorkie (Yki), a downstream effector of the Hippo(Hpo)-Salvador(Sav)-Warts(Wts) signaling cascade, recently identified in flies as a critical regulator of cellular proliferation and apoptosis. In nontransformed mammary epithelial cells, overexpression of human YAP induces epithelial-to-mesenchymal transition, suppression of apoptosis, growth factor-independent proliferation, and anchorage-independent growth in soft agar. Together, these observations point to a potential oncogenic role for YAP in 11q22-amplified human cancers, and they suggest that this highly conserved signaling pathway identified in Drosophila regulates both cellular proliferation and apoptosis in mammalian epithelial cells.
G
enomewide analysis of tumors for gene copy gains and losses by using array comparative genomic hybridization (array CGH) enables a detailed characterization of loci implicated in tumorigenesis (1) . Whereas human cancers frequently show extensive chromosomal instability, mouse tumor models may provide a more stable baseline from which to dissect essential tumor-related alterations. This approach may be particularly powerful when used to search for somatically acquired genetic lesions in the background of Brca1͞Trp-53 inactivation, a genotype associated with somatic oncogene amplification. We have recently shown that as many as 73% of mouse Brca1͞Trp-53-driven mammary tumors have amplification of the gene encoding the Met protein, pointing to gross overexpression of this growth factor receptor as a common secondary event in tumors with this genetic background (2) . In analyzing these mammary tumors, we also observed a tumor with a selective amplification of a small region of mouse chromosome 9, syntenic with the 11q22 amplicon commonly observed in human cancers (3) (4) (5) (6) (7) (8) (9) (10) (11) .
Amplification of 11q22 is evident in glioblastomas; oral squamous-cell carcinomas; and in cancers of the pancreas, lung, ovary, and cervix (3) (4) (5) (6) (7) (8) (9) (10) (11) . The human amplicon tends to be large [0.7-2.6 megabases (Mb)], including a cluster of matrix metalloproteinase (MMP) genes, two members of the BIRC family (BIRC2 and BIRC3, also known as the cIAP family), and YAP (3-5, 8, 10) . Most analyses of this amplicon have focused on the role of BIRC (cIAP) proteins, whose antiapoptotic functions are well described (12) . The possible contribution of the YAP gene in driving this amplicon has not been explored.
The YAP protein was initially isolated by virtue of its binding to the Src family member nonreceptor tyrosine kinase YES (Yes kinase-associated protein) (13) . Additional YAP-interacting proteins have been described more recently, including a number of transcription factors [phosphatidylethanolamine-binding protein 2␣ (PEBP2␣), p73, and TEA domain͞transcription enhancer factor (TEAD͞TEF) family members], with which YAP acts as a transcriptional coregulator (14) (15) (16) . The Drosophila ortholog of YAP, Yorkie (Yki), also functions as a transcriptional coactivator, and it was recently described as a target of the Hippo(Hpo)-Salvador(Sav)-Warts(Wts) pathway that negatively regulates growth by simultaneously inhibiting proliferation and promoting apoptosis (17, 18) . Yki activates proliferation by inducing the expression of cyclin E and inhibits apoptosis by induction of the caspase-inhibitor protein DIAP1 (Drosophila inhibitor of apoptosis) (17) . The upstream Hpo-Wts kinase cascade negatively regulates these activities (18) (19) (20) (21) (22) (23) (24) (25) .
In this study, we report that a mouse tumor-derived amplicon defined by high-density array CGH excludes the MMP and BIRC (cIAP) genes, pointing to YAP as a critical gene-amplification ''driver.'' Overexpression of YAP in human nontransformed mammary epithelial cells results in phenotypic alterations that are hallmarks of tumorigenic transformation, including epithelial-to-mesenchymal transition (EMT), suppression of apoptosis, growth factor-independent proliferation, and anchorageindependent growth in soft agar. Collectively, these findings suggest that YAP contributes to malignant transformation in cancers harboring the 11q22 amplicon, and they support the potential significance of this pathway in human cancer. MMTV-Cre) (26) , were subjected to whole-genome array CGH analysis for gene copy-number alterations. One of 15 tumors analyzed, CX4, harbored three distinct high-level amplifications (Fig. 1A) . The first was centered on the Met protooncogene, a recurrent and specific genetic abnormality that is present in the majority of Brca1͞Trp-53-driven mouse mammary tumors (2) . Whereas the amplification on chromosome 10 encompassed a region of Ͼ4 Mb with a large number of genes, the amplification on chromosome 9 was centered on a single known gene, Yap (Fig.  1B) . The Yap amplicon was of particular interest because amplification of the syntenic locus on human chromosome 11q22 is found in diverse cancers, but the large size of the human amplicons has precluded identification of the key oncogene(s) driving this amplification. In contrast, the CX4 tumor amplicon was small (350 kb) and restricted to Yap and a neighboring uncharacterized EST. The array CGH data were confirmed by using real-time quantitative PCR (qPCR), precisely defining the boundaries of the amplicon ( Fig. 1 B and C) .
Results

Mapping of the
Induction of EMT in Mammary Epithelial Cells.
To examine the function of YAP in mammalian cells, we introduced this gene by retroviral infection into the immortalized, but nontumorigenic, human mammary epithelial cell line MCF10A. We have previously used this cell line in a three-dimensional culture model to investigate the biological activities of known and candidate oncogenes within an architecture that mimics mammary acini in vivo (27, 28) . To avoid clonal-selection effects, all experiments were performed with short-term cultures of drug-selected but uncloned pools of cells, stably expressing YAP (MCF10A-YAP).
Whereas control MCF10A cells grow in epithelial-type islands on monolayer cultures, cells overexpressing YAP displayed a loss of cell-cell contacts and cell scattering ( Fig. 2A) . YAP expression also disrupted the morphogenesis of MCF10A cells in threedimensional cultures of reconstituted basement membrane (Matrigel). MCF10A-YAP cells failed to form spherical acinar-like structures similar to the vector control cells (Fig. 2B) . Instead, these cells formed structures characterized by spike-like projections and cords of cells that invaded the basement-membrane gel. This invasive phenotype was evident as early as day 4, and it was detectable in Ϸ50% of the structures by day 8 (Fig. 2B ). These morphological changes in monolayer and threedimensional cultures, i.e., a spindled morphology with cell scattering, and invasion in Matrigel, suggested that MCF10A-YAP cells had undergone EMT. EMT was evaluated by examining the expression patterns of epithelial and mesenchymal markers. The mesenchymal markers fibronectin, vimentin, and N-cadherin were up-regulated, and the epithelial markers Ecadherin and occludin were down-regulated in MCF10A-YAP cells, as demonstrated by the immunoblotting analysis in Fig. 2C . MCF10A-YAP cells also displayed disorganization of adherens junctions, another hallmark of EMT, as shown by immunofluorescence analyses of E-cadherin and actin localization (Fig.  2D) . Finally, there was a 20-to 30-fold increase in the migration of MCF10A-YAP cells compared with control cells in Transwell assays (Fig. 2E) . Interestingly, the increased migration was evident only in the absence of EGF. Collectively, these morphological, biochemical, and cell-biological observations suggest that YAP was able to induce EMT in MCF10A cells.
YAP Overexpression Induces a Proliferative Advantage. Overexpression of the Drosophila YAP ortholog yki causes an overgrowth phenotype resulting from both the activation of proliferation and the inhibition of cell death (17) . Because YAP disrupted morphogenesis of MCF10A cells and induced highly invasive threedimensional structures, we were unable to evaluate the effects of YAP expression on proliferation of outer cells or cell death of the center cells of acini in this model. To investigate further the biological activities of YAP in mammalian cells, we examined MCF10A-YAP cells more directly for proliferative and antiapoptotic phenotypes in other assays. To assess the effects of YAP on cell proliferation, we took advantage of the stringent requirement of MCF10A cells for EGF to support proliferation, and we assayed MCF10A-YAP cells in both the presence and absence of this growth factor. MCF10A-YAP cells did not display an increased rate of proliferation in monolayer cultures in the presence of EGF (Fig. 3A) . However, these cells were able to proliferate three-dimensionally in the absence of EGF, in contrast to vector control cells, which failed to proliferate under these conditions (Fig. 3B ). By 12 days in culture, MCF10A-YAP cells had formed three-dimensional structures in the absence of EGF that continued to grow larger until the assay was stopped at day 30. Approximately 30% of the total input of MCF10A-YAP cells were able to form structures after 30 days in culture, whereas no control cells were able to proliferate in this assay. Interestingly, these EGF-independent three-dimensional structures did not display the invasive morphology that was observed in the presence of EGF (Fig. 2B ), suggesting that EGF is required for the YAP-induced invasive activity. To gain insight into the mechanism responsible for the ability of MCF10A-YAP cells to proliferate in the absence of EGF, we examined whether YAP expression could activate signaling through either ERK or AKT, two of the major signaling pathways that can contribute to EGF-independent growth of MCF10A cells (29) , by immunoblotting with activation-sensitive, phospho-specific antibodies. Whereas exogenous growth factors were required for activation of ERK and AKT in vector control cells, both of these proteins displayed strong activation in the absence of growth factors in MCF10A-YAP cells (Fig. 3C) . Thus, the activation of AKT and ERK could contribute to the ability of YAP to promote proliferation of MCF10A cells in the absence of EGF.
Inhibition of Apoptosis by YAP Overexpression. Although yki expression inhibits apoptosis in Drosophila (17) , previous reports of YAP function in mammalian cells indicate that expression of this gene activates apoptosis in several tumor cell lines (30, 31) . To assess the effect of YAP expression on apoptosis in MCF10A cells, we exposed MCF10A-YAP and control cells to a variety of apoptosis-inducing stresses, including the chemotherapeutic agents Taxol (paclitaxel) and cisplatin, the pan-kinase inhibitor staurosporine (STS), UV irradiation, and loss of matrix attachment (anoikis). Surprisingly, expression of YAP conferred protection from apoptosis induced by each of these stresses as measured by DNA fragmentation (Fig. 4A) . Thus, in contrast to reports of YAP function in tumor cell lines, overexpression of YAP broadly inhibits cell death in MCF10A cells. To evaluate whether the effects YAP were specific to MCF10A cells, we examined YAP-induced effects on apoptosis in another immortalized, but nontumorigenic cell line, HMECtert. Immortalized human mammary epithelial cells (HMEC) were generated by infection with a retrovirus encoding the catalytic subunit of telomerase (hTert) (32) . YAP was subsequently overexpressed in these cells by retroviral infection, and the stable cell pool (HMECtert-YAP) was assayed for apoptosis after exposure to STS and cisplatin. As with MCF10A cells, YAP expression in HMEC conferred resistance to cell death induced by both apoptotic inducers (Fig. 4B) . Thus, in contrast to the proapoptotic effect of YAP reported in some cancer cell lines (30, 31) , YAP displayed antiapoptotic activity in two nontransformed epithelial cell lines.
YAP Induction of Colony Formation in Soft Agar. To evaluate a more stringent parameter of oncogenic transformation, we examined the effect of YAP on the ability of MCF10A cells to form colonies in soft agar, a property that frequently correlates with tumorigenicity. As expected, MCF10A-vector control cells failed to produce anchorage-independent colonies in soft agar. In marked contrast, MCF10A-YAP cells formed large colonies after 3 weeks in soft agar (Fig. 4C ), demonstrating that YAP is able to induce a fully transformed phenotype.
Discussion
In this work, we demonstrate that overexpression of YAP in MCF10A cells induces phenotypic alterations that are commonly associated with potent transforming oncogenes, that is, induction of anchorage-independent growth, EMT, growth factorindependent proliferation and activation of AKT and ERK, and inhibition of apoptosis. Notably, most other oncogenes that display activities similar to YAP are typically constitutively activated mutant variants of cellular proteins, such as the smGTPase H-Ras (33), the tyrosine kinase Src (34, 35) , and phosphatidylinositol 3-kinase (36) (37) (38) (39) . Thus, the ability of wildtype YAP to induce transformation of immortalized mammary epithelial cells by mere overexpression indicates that this gene has potent oncogenic potential. This oncogenic activity of YAP in mammalian cells is consistent with the described functions of the Drosophila YAP ortholog yki, whose overexpression causes an overgrowth phenotype resulting from both increased proliferation and reduced cell death (17) . In parallel studies, Lowe and coworkers (40) have also demonstrated oncogenic activity for Yap in a mouse model of hepatocellular carcinoma where Yap amplification contributes to the development of tumors.
In Drosophila, the activity of Yki is negatively regulated by an upstream kinase cascade in which the Hpo kinase, together with its binding partner Sav, activates the Wts kinase-Mats complex, which, in turn, inactivates Yki. Members of this upstream pathway were identified before yki in genetic screens for inhibitors of cell growth in the Drosophila eye and wing (18-25, 41, 42) . The ability of human YAP, like yki, to rescue pupal lethality induced by overexpression of hpo and wts in Drosophila had previously suggested that the growth-promoting functions of yki are conserved in the human YAP ortholog (17) . The YAPinduced phenotypes described here in mammalian cells support the notion that YAP, like Yki, can both activate proliferation and inhibit apoptosis. The combination of these YAP-driven phenotypes is sufficient to transform the nontumorigenic human epithelial cell line MCF10A.
Similar to the conservation between yki and YAP, the human orthologs of wts, hpo, and mats can rescue their corresponding Drosophila mutants, suggesting that the entire upstream Ykiregulating pathway might be conserved in mammalian cells (18, 22, 43) . In support of this hypothesis, the human Hpo ortholog, MST2, can phosphorylate and activate the human Wts orthologs LATS1 and LATS2 (44) . Hints that this pathway might be tumor-suppressive in mammalian cells have also been reported, including a tumor-predisposition phenotype (soft-tissue sarcomas and ovarian tumors) in mice lacking one of the two wts orthologs, Lats1 (45) , and suppression of RasV12-driven transformation of NIH 3T3 cells by the second wts ortholog, Lats2 (46) . Furthermore, the Hpo-Sav-Wts-Yki pathway in Drosophila was recently reported to lie downstream of signaling from Merlin (47), which is the product of the NF2 tumor-suppressor gene that is mutated in humans with neurofibromatosis type II (48, 49) . Whether any of these tumor-suppressor functions in mammalian cells could be mediated by the inhibition of YAP activity is not known. In screening for intragenic mutations in human cancer-derived cell lines, we detected homozygous deletions in SAV in two renal cancer cell lines (24) , suggesting that this pathway could be targeted by the inactivation of upstream regulators in addition to amplification of YAP.
In Drosophila, Yki functions as a transcriptional coregulator that activates proliferation and inhibits apoptosis by increasing the expression of the cyclin E gene and diap1 (17) . We examined the expression levels of cyclin E, cIAP1, and cIAP2 proteins in MCF10A-YAP cells, and we found them to be similar to the expression levels in control cells (data not shown). Thus, although YAP appears to promote phenotypes in mammalian cells similar to those promoted by Yki in Drosophila, the mechanism of YAP action may be different. Previous studies of YAP in mammalian cells have uncovered a variety of seemingly nonoverlapping functions. Since its discovery as a YES-binding protein (13) , other cytoplasmic functions for YAP have been revealed, including the recruitment of Smad7 to TGF-␤ receptor I (50), as well as nuclear functions, where YAP is a binding partner and cotranscriptional regulator of a variety of transcription factors, including PEBP2␣, TEAD͞TEF, and p73 family proteins (14) (15) (16) . Whether any of these reported YAP functions or binding partners might contribute to the phenotypes reported here remains to be determined. The description of YAP acting as an inhibitor of apoptosis is in direct contrast to previous reports in which YAP was an activator of cell death in mammalian cells. YAP was previously shown to activate apoptosis in response to DNA damage by interacting with p73 in several cancer cell lines (30, 31) . Suppressive interactions between p73 and endogenously high levels of p63 isoforms expressed in the nontransformed cells used here may have modulated the observed effects (51) .
Finally, although these data predict a role for YAP in human cancer, this role remains to be clearly defined. As discussed above, amplification of the 11q22 chromosomal locus including YAP is observed in multiple cancer types. The Brca1͞Trp-53-driven mouse mammary tumor with selective amplification of YAP led us to focus on this proposed oncogene by using mammary epithelial transformation assays. However, using qPCR analysis of microscopically dissected specimens, we did not detect YAP amplification in Ͼ100 sporadic human breast cancers (data not shown). Thus, it is possible that the physiological significance of YAP amplification may be more relevant for other cancers that are more commonly known to have amplification of the 11q22 locus, such as oral squamous-cell carcinomas, where it is present in 5-15% of primary tumors (3, 10) . In addition, although the specific YAP amplification in the mouse model emphasized the unique contribution of this gene to tumorigenesis, the larger size of the common human amplicon points to additional genes that may jointly contribute to malignancy. For example, in some contexts the BIRC2 and BIRC3 genes encoding the apoptotic inhibitors cIAP1 and cIAP2 might also be relevant targets of this amplicon. This indeed appears to be the case in parallel work from a hepatocellular carcinoma model, where the Yap and cIAP1 genes are coamplified and jointly contribute to the development of tumors in mice (40) . Together, our studies point to potent oncogenic effects of YAP, a component of a highly conserved pathway regulating proliferation and apoptosis in Drosophila. The precise mechanisms underlying the oncogenic effects of YAP itself and the cellular contexts in which it can contribute to malignancy remain to be defined.
Materials and Methods
Mammary Tumor Analysis. Experimental mice (26) and array CGH screening of tumors (2) have been previously described. All samples were analyzed in triplicate, and the relative copy number was derived by standardizing the input DNA to the control signal (Edem1, a gene on chromosome 6 that is genomically stable based on the array CGH analysis).
Plasmid Construction. The human YAP ORF was cloned into the pBABEpuro vector as an EcoRI-BamHI fragment. A single FLAG tag was added to the N terminus during PCR with the following primers: Hs.YAP.F, CCGGGATCCACCATGGAT-TACAAGGATGACGACGATAAGATGGACCCCGGGC-AGCAGCCCGCCGC; and Hs.YAP.R, CCGGAATTCCTA-TAACCATGTAAGAAAGCTTTC.
Immunoblotting Analysis. Cells were lysed in NETN lysis buffer [150 mM NaCl͞1 mM EDTA͞20 mM Tris, pH 8͞0.5% Nonidet P-40͞1ϫ protease inhibitor mixture (Roche, Indianapolis, IN)]. Lysates were run on an SDS͞10% polyacrylamide gel and transferred onto PVDF membranes (Millipore, Bedford, MA), and immunoblots were visualized with a Western Lightning Plus chemiluminescence kit (PerkinElmer, Boston, MA).
Immunofluorescence Analysis. Immunofluorescence was analyzed as described in ref. 52 .
Antibodies. Phospho-AKT (Ser-473), AKT, phospho-ERK1͞2 (Thr-202͞Tyr-204), and ERK1͞2 antibodies were purchased from Cell Signaling Technology (Beverly, MA). Anti-occludin (His-279) was from Santa Cruz Biotechnology (Santa Cruz, CA). The ␤-tubulin monoclonal antibody was from Upstate Biotechnology (Lake Placid, NY). The fibronectin and FLAG (M2) antibodies were from Sigma (St. Louis, MO). The E-cadherin, N-cadherin, and vimentin antibodies were from BD Biosciences (San Jose, CA).
Cell Culture. MCF10A cells were cultured as described in ref. 53 . HMEC were obtained from Cambrex (East Rutherford, NJ) and cultured in MEGM (Cambrex). HMEC were immortalized by retroviral introduction of hTert (HMECtert). A retroviral construct encoding hTert (pBABEhygro-hTert) was a kind gift from W. C. Hahn (Dana-Farber Cancer Institute, Boston, MA). Vesicular stomatitis virus glycoprotein-pseudotyped retroviruses were generated as described in ref. 53 and used to infect MCF10A and HMEC. Cell lines were selected with 2 g͞ml puromycin for MCF10A and 1 g͞ml puromycin or 50 g͞ml hygromycin for HMEC.
Three-Dimensional Morphogenesis Assays. Cells were cultured in growth factor-reduced reconstituted basement membrane (Matrigel; BD Biosciences) as described in ref. 53 . Cell lines were assayed in three independent experiments.
Transwell Migration Assays. Transwell migration assays were performed essentially as described in ref. 54 . Cells (2 ϫ 10 5 ) were plated without EGF, or 2.5 ϫ 10 4 cells were plated with 5 ng͞ml EGF on Transwell filters (8-m pore size; Corning, Corning, NY) in three-dimensional medium (described above). Assays were stained and quantified after cells migrated for 24 h. Two-Dimensional Cell Proliferation. Two-dimensional cell proliferation was measured by using the fluorescent nuclear stain Syto 60 (Molecular Probes, Eugene, OR) as described in ref. 52 .
EGF-Independent Proliferation. Cells were plated on Matrigel as for three-dimensional morphogenesis assays but without EGF. Cells were fed every 4 days with medium lacking EGF for the duration of the experiment.
Cell Death Assays. Monolayer MCF10A cultures were assayed for DNA fragmentation after treatment with 0.5 M STS (Sigma) for 18 h, 100 nM Taxol (Sigma) for 48 h, 100 M cisplatin for 24 h, or UV light [45-s exposure of UV-C (254 nm) from a 30-W G30T8 bulb (VWR, Bridgeport, NJ] for 24 h. HMECtert were assayed after treatment with 0.5 M STS or 50 M cisplatin for 24 h. Floating cells were collected and combined with trypsinized cells, fixed in 75% ethanol, treated with RNase A (0.25 mg͞ml), stained with propidium iodide (10 g͞ml), and analyzed on a FACSCalibur flow cytometer (BD Biosciences) for percentage of cells with sub-G 1 DNA content. Data were analyzed by using CellQuest (BD Biosciences). For anoikis, MCF10A cells were plated in growth medium on tissue-culture plates pretreated with poly(2-hydroxyethyl methacrylate) [poly-HEMA from Sigma-Aldrich (St. Louis, MO) (6 mg͞ml in 95% ethanol at 37°C until dry)] to prevent adherence. After 48 h, cells were collected and analyzed for DNA fragmentation by using the cell-death detection ELISA kit (Roche Diagnostics, Mannheim, Germany). All cell-death assays were performed in three independent experiments. Soft-Agar Assays. Cells (1 ϫ 10 4 or 5 ϫ 10 4 ) were added to 1.5 ml of growth medium with 0.4% agar and layered onto 2 ml of 0.5% agar beds in six-well plates. Cells were fed with 1 ml of medium with 0.4% agar every 7 days for 3 weeks, after which colonies were stained with 0.02% iodonitrotetrazolium chloride (SigmaAldrich) and photographed. Colonies larger than 50 m in diameter were counted as positive for growth. Assays were conducted in duplicate in three independent experiments.
